Abstract: Background: From its discovery, graphene has become a very fascinating nanomaterial, thanks to its structure that determines peculiar (and unique) mechanical, electrical and thermal properties. Thus, graphene has stimulated and is still motivating several researchers to widen its potentialities that are currently being exploited in different application sectors, comprising catalysis and energy, nanoelectronics, quantum physics and the design and manufacturing of advanced nanocomposite materials and biomaterials. Being a carbon source, already organized in a well-ordered morphology, graphene is nowadays starting to experience a different application, i.e. in the fire retardancy of polymers, foams and textiles, often in combination with other flame retardant additives or nanofillers, with which graphene can often act in a synergistic way. In fact, it is well reported in the scientific literature that graphene and its derivatives can play a key role either in slowing down the flame propagation or even in providing self-extinction to the thermoplastic or thermosetting matrices, where the nanofiller is incorporated in; furthermore, by exploiting surface engineered approaches, it is possible to design very effective flame retardant coatings on textile substrates.
INTRODUCTION
From its discovery [1] , the unique structure of graphene has been the focus of several important studies that clearly elucidated the potentialities of this smart nanomaterial. In fact, the possibility of obtaining a one-atom-thick 2-D honeycomb layer of sp 2 -bonded carbons remarkably widens the applications of this allotropic carbon material. First of all, each graphene is an efficient semi-metal with a zero band gap and extremely high charge mobility [1] [2] [3] (around 200,000 cm 2 V −1 s −1 ): this finding has fully justified the big interest in the nanoelectronics, where, possibly in a near future, graphene could replace silicon, the current building block of the electronic engineering.
In addition, as far as its mechanical features are considered, graphene looks like one of the strongest materials ever disclosed, thanks to its high Young's modulus (around 1.1 TPa) and fracture strength (about 125 GPa) [4] . The high specific surface area (calculated value: 2630 m 2 g −1 ) [5] and the very high thermal conductivity (around 5000 W m −1 K −1 ) [6] complete the outstanding properties of this nanomaterial. One of the main drawbacks on the use of organic polymers is their inherent flammability, which limits their exploitation, particularly in those fields (such as electronics industry, transportation, civil engineering), where flame retardant features are really imperative and mandatory.
In this context, it has been demonstrated that the use of such carbon-based nanofillers as carbon nanotubes [7] [8] [9] [10] and buckminsterfullerene [11, 12] can help to decrease the flammability of polymeric materials by limiting the heat and mass transfer from the degrading polymer to the surroundings and vice-versa, as also well documented in some pioneering works [13] .
From an overall point of view, flaming combustion occurring in polymeric materials is an oxidative reaction taking place in the gas phase, thus, requesting oxygen (or air) from the surrounding atmosphere. Prior to the flaming combustion, polymer degradation has to occur: during this stage, combustible volatile species, which mix with atmospheric oxygen, are formed and, according to the exothermicity of the flame, a self-sustaining combustion cycle ( Fig. 1) can be maintained when the heat transmitted to the polymer surface is adequate. free radical reactions. Therefore, the inhibition of disruption of any of these components (alone or in combination) can provide effective flame retardant features to the material exposed to a flame or a heat flux [14] . In this context, several flame retardants (FRs) have been designed and applied to different polymeric materials, aiming at breaking the selfsustaining combustion cycle: this can be accomplished either by achieving the extinction of the flame or by significantly decreasing the burning rate. More specifically, any flame retardant should be able to:
-Decrease the heat developed to below that is required for sustaining the polymer combustion;
-Address the pyrolysis process towards the reduction of the amount of flammable volatile species, hence favoring the formation of char, i.e. a less flammable carbonaceous residue that also behaves as a barrier between the polymer and the flame, in the condensed phase;
-Separate the flame from the oxygen/air source; -Possibly release halogens (namely, chlorine or bromine atoms), which are able to act in gas phase as flame inhibitors, when the polymer substrate is heated to near the ignition temperature;
-Decrease the heat flow back to the polymer substrate, hence limiting further pyrolysis phenomena that can generate additional flammable volatile species fueling the flame;
-Favor the formation of a barrier (such as in the case of intumescent protective coatings) when the polymer substrate is exposed to a flame or a heat flow.
Similarly to carbon nanotubes and other allotropic forms of carbon, graphene and its derivatives can be very active in the polymer combustion cycle: in fact, they are able to modify the pyrolysis, as well as the thermal conductivity, heat absorption, viscosity and possible dripping of the flame retarded polymer [15] . As a consequence, graphene and its derivatives can enhance the thermal stability of the polymers, in which they are embedded and delay their ignition; furthermore, they are able to prevent the fire spread and to lower the heat release rate.
More specifically, though the mechanism may somehow change in the presence of other flame retardant additives and synergists, the flame retardant action of graphene and its derivatives is mainly towards the inhibition of heat and fuel: in fact, upon exposure to a flame or a heat source, graphenebased FRs are capable to form a dense, coherent and continuous char layer that behaves like a physical barrier to limit the heat transfer from the ignition source, hence slowing down the diffusion of the pyrolysis products from the polymer substrate. Furthermore, by exploiting the so-called ''labyrinth effect'', graphene and its derivatives can also act as templating substrate for the char growth, thus favoring the formation of multiple and overlapped, stable and protective carbonaceous residue layers [16] [17] [18] [19] .
In addition, graphene and its derivatives exhibit a large specific surface area that not only favors the adsorption of flammable gaseous species, but also delays their release and diffusion throughout the combustion process; besides, they can behave as a catalytic and carbonization platform for other materials (such as metal oxides) [18, 20, 21] . Even the presence of carboxyl, epoxy and hydroxyl groups in graphene and (especially) in graphene oxide can play a key role in conferring flame retardant features to the filled polymer: in fact, the oxygen-containing functionalities can decompose and dehydrate at quite low temperatures [22] . As a consequence, these endothermic phenomena can be exploited for absorbing heat, hence cooling down the polymer substrate during the combustion process; at the same time, a beneficial effect is exerted by the gaseous species originated from the dehydration, which can dilute the oxygen content around the ignition peripheral (Fig. 2) .
Finally, the strong interactions between the carbon nanofiller and the polymer matrix can be responsible for the formation of a 3D network structure within the nanocomposite, which may affect the rheological behavior of the polymer phase, preventing the undesired dripping phenomena and increasing the UL94 classification [23] .
All these peculiarities have been exploited for providing flame retardant features to different polymeric systems, ranging from bulk polymers (both thermoplastics and thermosets) to textiles and foams [15, 16, 22] .
This review aims at summarizing the current state-of-theart about the main outcomes deriving from the use of graphene and of its derivatives, alone or in combination with other FR products, for conferring flame retardant features to different polymeric substrates (namely, bulk polymers, foams and fabrics), highlighting the current limitations, discussing the still existing challenging issues and trying to figure out further possible applications in the near future. Furthermore, as the procedure for flame retarding thermoplastic or thermosetting matrices is completely different (in fact, unlike thermoplastics, the addition of the flame retardant fillers for thermosets needs to happen during curing or synthesis of the polymers), it was chosen to arbitrary divide the discussion between the two types of polymer matrices, as reported in the following paragraphs. Besides, a short paragraph referring to the very recent progresses in flame retardant foams and fabrics has been further introduced.
GRAPHENE AND ITS DERIVATIVES AS FLAME RETARDANTS FOR THERMOPLASTIC MATRICES
Aiming at enhancing their fire behavior, several thermoplastic matrices have been embedded with graphene or its derivatives.
Zhou et al. exploited a solvothermal method for synthesizing smoke suppressant ferrocene particles decorated on graphene nanosheets: the resulting nanostructures were successfully dispersed into a polystyrene matrix [23] . In particular, a high flame retardant and smoke suppressant effect (hence with a reduced the fire toxicity) was observed for the obtained nanocomposites, with respect to the unfilled counterpart. These findings were ascribed to the combination of the catalytic action of ferrocene particles towards the formation of char and the physical barrier properties of graphene nanosheets.
Pursuing this research, the same group recently carried out a hydrothermal method for synthesizing cobalt oxide nanoparticles decorated on graphene nanosheets [24] . The obtained nanomaterials were finely dispersed in a thermoplastic polyurethane. The observed significant enhancements in flame retardancy were ascribed to four main different effects, namely: the ''tortuous diffusion path'' created by graphene nanosheets, the catalytic behavior of the cobalt oxide/graphene nanosheets, which favors the formation of a stable char, the adsorption capabilities of graphene and, finally, the synergistic FR effects occurring between the graphene layers and the selected metal oxide.
Yuan et al. utilized a "grafting-from" approach for preparing polyaniline nanofibers grafted reduced graphene oxide: then, the modified nanofiller was dispersed into polypropylene, using a masterbatch-based melt mixing method [25] . Apart from the enhanced electrical conductivity of reduced graphene oxide, its combination with polyaniline nanofibers remarkably improved the flame retardant features of polypropylene, either by inhibiting the release of flammable decomposition products of the polymer matrix, or delaying the smoke release, hence the related parameters. These findings were attributed to the in situ formed carbon nanofibers on the graphene nanosheets, which significantly limit the heat and mass transfer phenomena occurring during the combustion process.
Han and co-workers [26] prepared different reduction degrees of thermally reduced graphene oxides, subsequently incorporated in polystyrene through melt blending. In particular, the selected reduction temperatures (namely, 200, 500 and 800°C) gave rise to nanofillers having different structure and morphology. Besides, with increasing the reduction temperature value, it was possible to obtain a highly expanded disordered structure, thanks to the easier removal of the oxygen groups from the pristine graphene oxide layers. Furthermore, the blends containing graphene oxide thermally reduced at the highest selected temperature (i.e. 800°C) exhibited 47.5% reduction of the peak of heat release rate, as assessed during cone calorimetry tests, thus indicating that the flame retardant features of the blends are strictly dependent on the degree of expansion of the nanofiller. In other words, the observed combustion behavior was attributed to the concurrent formation of carbon layers and their swelling (i.e. through an intumescence effect) during the exposure to the heat flux under the cone calorimeter and the subsequent combustion. Meanwhile, the nanostructure of the graphene oxide-derived char acted as a barrier, limiting the heat and mass transfer from the polymer to the surroundings and viceversa. Very recently, Jeon and co-workers incorporated aluminum into graphene nanoplatelets, by ball-milling pristine graphite in the presence of solid aluminum beads [27] . The excess of Al residues was removed and the resulting nanofiller was incorporated in poly(vinyl alcohol) at 20 wt.%, using a film casting technique. The obtained nanocomposites exhibited outstanding flame retardant properties, as demonstrated by vertical flame spread tests: these findings were ascribed to the combination of different physical and chemical retardation mechanisms, namely: endothermic dehydration, evaporation (hence cooling), dilution and blocking.
Attia et al. [28] first exploited ultrasonication for exfoliating graphene in maleate diphosphate, used as dispersant. Then, the exfoliated system was decorated with titania nanoparticles (average size: 21 nm). Finally, by utilizing a solvent blending method, the modified nanofiller was incorporated in acrylonitrile-butadiene-styrene copolymer. The resulting nanocomposites, containing from 1 to 5 wt.% of titaniadecorated nanofiller, exhibited very good flame retardant performances: more specifically, cone calorimetry tests revealed a remarkable decrease (about 50%) of the peak of heat release rate and total heat release. In addition, the average mass loss rate was lowered by 50% and the CO yield was reduced by 37%. As far as the flammability properties are considered, horizontal flame spread tests showed 71% decrease of the burning rate of nanocomposites with respect to the unfilled counterpart.
Chen et al. [29] thoroughly investigated the flame retardant effects and smoke suppression properties provided to a thermoplastic polyurethane by iron-graphene (utilized as synergistic) and aluminum hypophosphite (exploited as main flame retardant). A highly concentrated masterbatch of irongraphene and thermoplastic polyurethane was obtained by solution-blending; then, the final nanocomposites also containing aluminum hypophosphite were obtained through melt compounding. As assessed by flammability (LOI and UL94 tests) and forced combustion tests, the nanocomposites exhibited very high fire retardant features. In particular, 31.5% LOI and UL94 V-0 classification were achieved at very low loadings of iron-graphene (0.25 wt.%) and aluminum hypophosphite (9.75 wt.%). Furthermore, during cone calorimetry tests, a remarkable decrease of 90% of the peak of heat release rate was fond in comparison with the unfilled polymer matrix. All these enhancements were ascribed to the synergistic effects derived from the intumescent effect of the modified graphene and the concurrent decomposition of aluminum hypophosphite that gives rise to the formation of phosphoric and polyphosphoric acids. These latter favor the occurrence of dehydration reactions that promote the creation of intumescent carbon layers, acting as a physical barrier.
Zhang et al. [30] proposed a facile method to enhance the dispersion of large-size reduced graphene oxide into a thermoplastic polyurethane, by grafting ammonium polyphosphate on the nanofiller surface, operating in (3-aminopropyl)triethoxysilane as a reaction medium. In particular, 0.5% of large-size reduced graphene oxide grafted with ammonium polyphosphate was capable to contain the meltdripping phenomena of the polymer matrix, as well as to significantly lower the peak of heat release rate in cone calorimetry tests.
The use of reduced graphene oxide as a synergist with ammonium polyphosphate (a traditional intumescent flame retardant) in polypropylene was very recently investigated by Yuan and co-workers [31] . In particular, it was found that the presence of the nanofiller reduces the reaction of flame retarded polypropylene to the application of a small flame: in fact, LOI values were lowered and the UL94 rating downgraded as well. A particular effect on the fire behavior was played by the graphene loading: in fact, at low loadings (i.e. 0.5 wt.%), the nanofiller was capable to enhance the swelling of the char, hence providing the polymer matrix with better insulation, acting as an effective smoke suppressant and decreasing the peak of heat release rate during forced combustion tests. Conversely, at higher loadings (i.e. 1-2 wt.%), the nanofiller showed a detrimental effect on the overall fire behavior, worsening the flame retardant performances of polypropylene.
The same polymer matrix was recently modified by Idumah et al., who studied the effect of exfoliated graphene nanoplatelets on the flame retardancy and thermal properties of kenaf flour polypropylene nanocomposites [32] . The presence of the exfoliated nanofiller improved the overall fire retardancy of the polymer system, as shown by the increase of the fire performance index and time to ignition and the decrease of the fire growth index. These enhancements were ascribed to the heat shield and protective layering of the nanofiller on the polymer surface, which hinders the heat and oxygen transfer from the fire region to the underlying substrate. At the same time, the penetration of flammable gases from the substrate to the combustion zone is inhibited, thus breaking the fire track.
Very recently, Cai and co-workers [33] exploited an electrochemical route for functionalizing graphene with phosphazene rings and simultaneously exfoliating it. Then, the obtained modified nanofiller was incorporated into a thermoplastic polyurethane matrix, employing a combination of co-coagulation and compression molding. Unlike the unfilled polymer, cone calorimetry tests showed that the presence of only 4 wt.% of the nanofiller considerably decreased the peak of heat release rate (-46.3%) and the total heat release (-20.2%) of the nanocomposites. These results were explained on the basis of the concurrent presence of phosphazene rings, acting as an effective flame retardant, and the exfoliated graphene sheets, capable to create a layered coherent protective structure, able to confine the escape of the degradation products.
Hong et al. synthesized three metal hydroxide nanorods (namely, Co(OH) 2 , FeOOH, Ni(OH) 2 ), having uniform diameters; afterwards, these nanorods were merged with graphene nanosheets and incorporated into acrylonitrilebutadiene-styrene nanocomposites [34] . The ternary system containing Co(OH) 2 showed high flame retardant features: more specifically, the reduced flammability was ascribed to the formation of coherent and continuous charred layers that slowed down the heat and mass exchanges between the flame and the underlying polymer substrate.
Yuan and co-workers [35] modified graphene oxide with melamine, exploiting three different interactions, namely: π-π interactions, hydrogen bonding and electrostatic attraction. Then, the modified nanofiller was incorporated into polypro-pylene, using a melt compounding technique, which also allowed the in situ reduction of graphene oxide. The resulting nanocomposites showed enhanced thermal stability and flame retardant features with respect to the counterparts filled with unmodified graphene oxide. These findings were ascribed to the condensation of melamine to graphitic carbon nitride, which occurs in the confined micro-zone created by graphene oxide nanosheets. As a result, the created ceramic material gave rise to the formation of a protective layer to graphene, hence improving its barrier effect.
Very recently, Guo et al. [36] incorporated graphene nanoplatelets into polystyrene (PS)/brominated polystyrene blends, aiming at remarkably reducing the large amounts of smoke originated from brominated flame retardants during combustion. To this aim, AlCl 3 was added to the system, in order to initiate a Friedel-Crafts reaction able to generate macrocarbocations interacted with graphene nanoplatelets through electrostatic attractions. As assessed by forced combustion tests, the continuous and coherent char provided by the graphene nanoplatelets fabricated by Friedel-Crafts reaction blocked the spread of combustion, decreasing the heat release and suppressing the smoke release in a very effective way.
Gao and co-workers [37] synthesized zinc hydroxystannate-decorated graphene oxide nanohybrids, which were incorporated into a flexible polyvinylchloride matrix. It was found that zinc hydroxystannate nanoparticles were covalently bonded onto the surface of graphene oxide nanosheets and well distributed on the surface of the nanofiller. The presence of the nanohybrid structures significantly enhanced the fire retardancy of the polymer, as revealed by the increase of the limiting oxygen index values, together with the decrease of the peak of heat release rate and of the total heat release. All these findings were ascribed to synergistic effects occurring in between graphene oxide nanosheets (responsible for providing barrier properties) and zinc hydroxystannate (exhibiting a catalytic charring function).
GRAPHENE AND ITS DERIVATIVES AS FLAME RETARDANTS FOR THERMOSETTING MATRICES
As far as the use of graphene and its derivatives for designing effective flame retardant thermosets is concerned, most of the recent research has dealt with epoxy systems. In the following, the main outcomes will be summarized, also including some other thermosetting systems.
Liu and co-workers [38] investigated the flame retardant properties of epoxy systems containing graphene nanosheets in combination with layered double hydroxide, layered rareearth hydroxide, or a traditional phosphorus-based flame retardant (9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide, DOPO). All the three systems enhanced the flame retardancy of the epoxy network, in particular by preventing the dripping phenomena, by increasing the limiting oxygen index (which raised from 15.9 to 23.6% in the presence of only 0.5 wt.% of both graphene nanosheets and layered double hydroxide), by decreasing the total heat release (from 33.4 to 24.6 MJ/m 2 , in the presence of 2.5 wt.% of both graphene nanosheets and layered double hydroxide), and finally by lowering the peak of heat release rate (-66.8%) and the total heat release (-33.6%) with the addition of 2.5 wt.% of both graphene nanosheets and DOPO.
Luo et al. [39] grafted polydimethylsiloxane short chains to the surface of graphene oxide, exploiting a one-step synthesis; then, the modified nanofiller was added to a phosphorus-containing (P content: 3 wt.%) epoxy resin. It was found that the presence of just 0.29 wt.% of polydimethylsiloxanegrafted graphene oxide allowed the cured epoxy resin to achieve a limiting oxygen index of 29.2%, as well as UL94 V-0 classification.
Guo and co-workers [40] functionalized and simultaneously reduced graphene oxide with piperazine; then, the obtained nanofiller was incorporated into piperazine-based DOPO phosphonamidate and incorporated into an epoxy resin. As assessed during cone calorimetry tests, both the peak of heat release rate (-43.0%) and the total heat release (-30.2%) of the cured epoxy system were remarkably lowered in the presence of 4 wt.% of modified graphene oxide. Furthermore, the same epoxy nanocomposite achieved UL-94 V-0 classification and a limiting oxygen index as high as 28.0%. These findings were attributed to the synergism taking place between piperazine-based DOPO phosphonamidate (acting as a flame inhibitor in vertical flame spread tests) and reduced graphene oxide (providing barrier effects).
Sun et al. [41] grafted DOPO onto graphite oxide, utilizing an acylating chlorination method; the modified nanofiller was incorporated into carbon fiber/epoxy resin composites by hot pressing. A significant increase of the limiting oxygen index value (from 18.5 to 28%) and of the UL94 rating (V-1) was observed for the composites containing 3 wt.% of the modified nanofiller, as compared to the unfilled counterparts. In addition, the flame retarded composites showed decreased total heat release (-25.5%) and peak of heat release rate (-38.9%) values with respect to the standard composite material.
Xu and co-workers [42] exploited a co-precipitation method for synthesizing a hybrid with MgAl-layered double hydroxide loaded graphene. Then, CuMoO 4 was placed on the surface of the hybrid and the resulting product was incorporated into an epoxy resin and thermally cured. Cone calorimetry tests showed a dramatic decrease of both peak of heat release rate and total heat release; meanwhile, the flame retardant nanofiller acted as an effective smoke suppressant. Significant enhancements were also observed in flammability tests, where the flame retarded epoxy system showed increased char yield and limiting oxygen index values. All these findings were first attributed to the physical barrier features provided by graphene and MgAl-layered double hydroxide; this latter also exerted a catalytic carbonization function, favoring the formation of a stable protective char. Finally, Cu 2 O and MoO 3 oxides, originated by the decomposition of the hybrid nanofiller during the combustion process, further contributed to increase the char formation, increasing, at the same time, its compactness.
Feng et al. [43] doped reduced graphene oxide with phosphorus and/or nitrogen, exploiting a scalable hydrothermal and microwave process. The obtained modified nanofiller was incorporated into an epoxy resin and thermally cured. The doping process enhanced the oxidization re-sistance of the reduced graphene oxide and the thermooxidative stability of its composites. Meanwhile, the doped nanofiller also showed an efficient catalytic charring ability. As observed during forced combustion tests, the flame retarded composites containing just 5 wt.% of the doped nanofiller showed important reductions of the peak of heat release rate (-30.9%), of the total heat release (-29.3%) and of the total smoke production (-51.3%), with respect to the unfilled cured epoxy network.
Li and co-workers [44] improved the fire retardancy of an epoxy resin by incorporating hierarchical nanohybrids based on mesoporous MCM-41 nanospheres covalently assembled on graphene oxide nanosheets. As assessed in cone calorimetry tests, the presence of just 2 wt.% of nanohybrids in the epoxy formulation promoted a strong decrease of the peak of heat release rate, notwithstanding the inhibition of the smoke production. These results were ascribed to the barrier effect provided by the graphene oxide nanosheets, as well as to the catalytic action of the mesoporous MCM-41 nanospheres, leading to the formation of a consistent and coherent char.
Guan et al. [45] prepared thermally conductive and flame retardant epoxy composites, using a combination of spherical alumina, magnesium hydroxide and graphene nanoplatelets. In particular, the epoxy nanocomposite containing 68 wt.% of alumina, 7 wt.% of graphene nanoplatelets and 5 wt.% of magnesium hydroxide showed an important decrease (-54%) of the heat release rate as compared to the neat epoxy network, achieving, at the same time, UL94 V-0 classification. These findings were ascribed to the presence of the graphene nanoplatelets, which are capable to create compact char barrier layers impeding the decomposition products to access the flame zone.
The recent scientific literature also reports a few works on the role of graphene and its derivatives in the flame retardancy of thermosetting materials, other than epoxies. As an example, Zhang et al. [46] prepared flame retardant, tough and heat-resistant thermosetting composites based on a cyanate ester resin containing a hybrid nanofiller obtained by grafting cyclotriphosphazene and hyperbranched polysiloxane onto graphene oxide. Unlike standard flame retarded systems, which require from 1.1 to 7.8 wt.% of phosphorus, good flame retardant performances of the resulting nanocomposites were achieved in the presence of very low phosphorus loadings (as low as 0.18 wt.%).
In another paper, Wang and co-workers [47] employed a functionalized graphene oxide as flame retardant for a bismaleimide resin (namely, 4,4'-bismaleimidophenyl methane/2,2'-diallyl bisphenol A), exploiting a sol-gel process in the presence of DOPO and vinyl triethoxysilane. The nanocomposites containing 3 wt.% of functionalized graphene oxide achieved UL94 V-0 classification; in addition, the peak of heat release rate decreased by 29% as compared to the unfilled bismaleimide network. The observed FR behavior was attributed to the functionalized graphene oxide, which promoted the formation of a compact and protective char on the underlying polymer during the combustion process.
GRAPHENE AND ITS DERIVATIVES AS FLAME RETARDANTS FOR OTHER POLYMERIC SYSTEMS
Araby and co-workers [48] prepared polyvinyl formaldehyde/graphene nanocomposite compressible foams, exploiting an in situ polymerization reaction. This latter gave rise to strong interfaces for the resulting nanocomposites and contributed to the exfoliation and homogeneous dispersion of graphene nanosheets within the polymer matrix. It is noteworthy that, at 0.14 vol.% graphene loading, the foam achieved a limiting oxygen index as high as 59.4%, indicating exceptional fire retardant performances for the investigated material.
Recently, Ji and co-workers [49] functionalized silk fabrics by depositing a graphene oxide hydrosol onto their surface, exploiting a "dry-coating" method, followed by a reduction step carried out in L-ascorbic acid solution. This way, it was possible to uniformly deposit reduced graphene oxide nanosheets on the silk fabric surface: a final dry addon of 19.5 wt.% was achieved. As compared to the untreated fabric, the treated silk showed enhanced fire retardant properties; furthermore, the applied treatment succeeded in suppressing the smoke evolution.
CONCLUSION AND FUTURE PERSPECTIVES
Since graphene and its derivatives are halogen-free, high efficient and quite available, they can be considered as novel "green" flame retardants. It is undeniable that with the replacement of halogenated FR products (some of them were found very toxic and even cancerogenic and therefore were banned [50] ) with less toxic counterparts (namely, inorganic fillers or phosphorus-based flame retardants), the design of novel flame retardants has moved towards the development of low environmental impact products. In this context, graphene and its derivatives could further play an interesting role, strictly related to their main mode of action in flame retarded polymer systems. In fact, as described in the previous paragraphs, they are capable of reducing fuel release to the gas phase, through the formation of a protective barrier layer, which acts as a radiation shield, slowing down the flow of fuel and oxygen. As a consequence of the reduction of the volatile development, the amount of toxic effluents is expected to decrease, and for a given ventilation rate, the ventilation conditions become more well-ventilated, hence also lowering the toxicity [51] .
Conversely, there is a lack of knowledge on the effect of organic products on the human body in terms of the rate of toxic effluents production in fires and their degree of toxicity. Therefore, it is necessary to improve the methods of evaluation to be included as part of fire hazard assessment and to apply these methods also to graphene-based FR systems [52] .
Despite some current limitations about the use of graphene and its derivative as single flame retardants, their combination with standard FR products is very encouraging. In particular, the combination of graphene or its derivatives with different types of inorganic-nanomaterials seems very promising, as their fabrication can be carried out using environmentally-friendly processes (such as solution deposition techniques, sol-gel processes, template methods, hydrother-mal/solvothermal approaches, covalent grafting, noncovalent interactions and so on).
One of the main advantages of using graphene refers to the possibility of enhancing different materials features (also including flame retardancy) at very low nanofiller loadings, often taking advantage of the synergistic effects among the different constituents of the flame retardant formulation.
Despite of these pros, which justify the growing interest from both the academic and industrial world towards the development of graphene-base flame retardants, some challenging issues are still present and have to be overcome.
First, it is not easy to develop graphene-based flame retardants with controllable dispersion in different polymeric systems: that is why some modifications of the pristine nanofiller have been proposed to overcome this problem, as documented in a recent review paper [53] .
Further, in some polymeric systems, the high flame retardancy achieved is strictly dependent on preventing the aggregation of the nanofiller during the processing of the nanocomposite material: this allows creating a strong interface between the nanofiller and the polymer phase, which is obviously responsible for the overall flame retardant performances. Besides, the exact flame retardant mechanism that is responsible for the synergistic flame retardant effects provided by the different components has not been clearly elucidated yet.
In the very near future, it is very probable that the research on graphene-based polymer nanocomposites showing outstanding flame retardant features will be directed towards the design of a very wide-ranging number of new systems, based on different host matrices (commodities and engineering thermoplastics, thermosets) and on a varied choice of graphene nano-elements, differing each other as far as functionalities, size, aspect ratio, shape are considered, even in combination with other organic/inorganic flame retardant additives.
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